The electronic structure of the Fe-based superconductor Ba 0.6 K 0.4 Fe 2 As 2 is studied by means of angle-resolved photoemission. We identify dispersive bands crossing the Fermi level forming hole-like (electron-like) Fermi surfaces (FSs) around (M) with nearly nested FS pockets connected by the antiferromagnetic wavevector. Compared to band structure calculation findings, the overall bandwidth is reduced by a factor of 2 and the low energy dispersions display even stronger mass renormalization. Using an effective tight banding model, we fitted the band structure and the FSs to obtain band parameters reliable for theoretical modeling and calculation of physical quantities.
Introduction
The recent discovery of superconductivity [1] in iron pnictides has opened a new route to high temperature superconductivity beyond the cuprates. It is now widely believed that the multiband nature of this material is important, pertaining to the superconducting instability in the doped compound and the antiferromagnetic (AF) spin density wave (SDW) instability [2] leading to Dirac cone dispersion in the parent compound [3] [4] [5] . The knowledge of the electronic band structure and the Fermi surface (FS) topology is critical to understand the underlying physics. Most first principle band theory calculations, such as local density approximation (LDA) [6] [7] [8] , have predicted that five bands of the Fe 3d t 2g complex cross the Fermi level (E F ) and form three hole-like FSs centered at the zone center ( ) and two electron-like FS centered at the zone corner (M). However, inconsistencies in the predicted band structure remain [9] . More seriously, the optimal As position calculated in LDA is quite different (more than 10%) from the experimental values [9] . On the experimental side, angle-resolved photoemission spectroscopy (ARPES) studies [10] [11] [12] [13] [14] [15] [16] [17] 19] have observed several dispersive bands and FSs, showing some consistencies with LDA calculations. However, some major discrepancies exist and a quantitative comparison is lacking. In particular, there is no consensus regarding the band structure and FS near the M point ((π, π) in the 1 Fe unit cell representation). In order to resolve these controversies and obtain comprehensive knowledge of the electronic structure of the iron pnictides, we have carried out a systemic ARPES study on an optimally holedoped superconductor Ba 0.6 K 0.4 Fe 2 As 2 .
Experiment
The high-quality single crystals of Ba 0.6 K 0.4 Fe 2 As 2 used in this study were grown by the flux method [20, 21] . These are the same samples used to determine the FS dependent nodeless superconducting gaps that close at the bulk T c = 37 K [10] . Low energy electron diffraction (LEED) on a mirror-like cleaved surface shows a sharp 1 × 1 pattern without reconstruction down to 20 K. A previous STM and LEED study [22] on the parent compound BaFe 2 As 2 has demonstrated that the terminating layer of cleaved crystals is the Ba layer, with half of the Ba atoms remaining on one side of the sample macroscopically, as required for electrostatic stability since the Ba layer is shared between two equivalent FeAs layers. Their quantitative analysis indicates that the surface structure of this material represents the low temperature orthorhombic phase in bulk, without surface reconstruction. The bulk representativity of the electronic structure of Ba 0.6 K 0.4 Fe 2 As 2 seen by ARPES is further supported by: (i) a surface doping consistent with the bulk [10, 18] ; (ii) a k z -dependence of the electronic structure [19] , in sharp contrast to a surface state; (iii) a doping evolution of the Fermi surface consistent with Luttinger's theorem [23] ; (iv) a band structure similar to LDA predictions, as will be shown below; and (v) a gap closing at the bulk T c [10, 18] . High-resolution (4-20 meV) ARPES measurements were performed in the photoemission laboratory of Tohoku University using a microwave-driven helium source (hν = 21.218 eV), and several synchrotron beamlines in the Synchrotron Radiation Center and the Advanced Light Source in the US, and the Photon Factory in Japan with photon energies ranging from 20 to 100 eV to selectively enhance different band features of this multiband system. Samples were cleaved in situ at 10-40 K and measured at 7-150 K in a working vacuum better than 1 × 10 −10 Torr.
Results and discussion
We start with a wide energy spectrum (figure 1(a)) that includes shallow core levels and the valence band, which can yield valuable information on the valence and chemical environment of the constituent elements. The strong double peaks at the binding energies of 40.4 and 41.1 eV are from As 3d 5/2 and 3d 3/2 , the same as the 3d core levels of As in bulk GaAs (40.4 and 41.4 eV) [24] . However, unlike GaAs (110) that has a surface component in As 3d core levels, Ba 0.6 K 0.4 Fe 2 As 2 shows no clear evidence for a second component of As 3d, suggesting no major surface modification involving the As atoms. We have also identified several other core levels, such as Fe 3p (52.4, 53.0 eV), K 3s (33.0 eV) and 3p (17.8 eV), Ba 5s (29.7 eV) and 5p (14.2, 16.2 eV). In addition, there is a weak but well-defined peak at 12 eV, as shown in the inset of figure 1(a). which has also been observed in our measurements of the parent compounds BaFe 2 As 2 and SrFe 2 As 2 . While it may be due to the As 4s shallow core level, we note that a peak at a similar binding energy was observed in divalent iron compounds, such as FeO [25] , and attributed to a satellite state of the Fe 3d 5 configuration involving different final states in the photoemission process itself.
The valence band shows a strong photon energy dependence. Comparing energy distribution curves (EDCs) measured at 100 eV (enhancing the intensity of Fe 3d) and the ones measured at 21.2 eV (enhancing the intensity of As 4p), one can conclude that the strong peak within 1 eV from E F is mostly from Fe 3d orbitals, and the states below it are mostly from As 4p, in agreement with LDA calculations [26] . The variation of the valence band intensity when the photon energy is scanned through the Fe 3p absorption edge (∼56 eV) can be seen in figure 1(b). Following a common practice in photoemission [25] , we also plot in figure 1(b) the difference between EDCs measured at 56 eV (at resonance) and 52 eV (below resonance), which corresponds mostly to Fe 3d states since the intensity of other orbitals is not expected to change drastically over this narrow photon energy window 10 . The difference curve shows a sharp peak at E F corresponding to the coherent Fe 3d orbitals, and a broad peak centered at ∼7 eV which can be regarded as the incoherent part of the Fe 3d states. The assignment of coherent and incoherent components is also supported by the observation in figure 1(d) of the 'anti-resonance' profile of the coherent part and the Fano-like resonance profile for the incoherent part at 7 eV due to the super Coster-Kronig Fe 3p-3d Auger transition, which is similar to what has been observed in FeO [25] . The large incoherent component of Fe 3d at high binding energy is an indication of relatively strong correlation effects in this material. The correlation effects are also reflected from the observation that the coherent part of Fe 3d is narrowed to 1 eV below E F (see figure 1(c)) from the 2 eV range predicted by LDA, which is inline with dynamic mean field theory (DMFT) calculations that assume strong correlations [27, 28] .
Within the coherent Fe 3d region, we observe several dispersive bands as shown in figure 2, which displays band dispersions along several high symmetry directions ( -M, -X and M-X) determined using the EDCs (figures 2(a) and (b)), E versus k intensity plots (figures 2(c) and (d)), second derivative plots (figure 2(e)), and the extracted EDC peak position (figure 2(f)). We also plot the band dispersion from our LDA calculations [8] at this doping level. The LDA bands, when normalized (divided) by a factor of 2, show overall agreement with the observed bands, especially for the high energy (0.2-0.6 eV) branches, as indicated in figure 2 (f). This band narrowing factor of 2, similar to an earlier ARPES observation in a related pnictide (LaFeOP) [15] , indicates the importance of correlation effects as seen in the multiorbital cobaltates [29] . However, we observe additional mass renormalization for the lower energy branches (below 0.2 eV), as shown in figure 2(f), which will be discussed in more details below, suggesting stronger and possibly band or energy dependent correlation effects.
In order to accurately determine the low energy band structure and the FS, we have performed high-resolution ARPES measurements in the vicinity of E F , as shown in figure 3 . Figure 3 (a) an E versus k intensity plot near the point, which clearly shows two dispersing bands (α and β) forming two hole-like FS pockets around . This spectrum is measured in the superconducting state where the quasiparticle (QP) peak width is narrower and the separation of the α and β bands more visible. Recent studies of the k z -dependence of the band structure near the point showed evidence for a third hole band almost degenerate with the α band [19, 30] . We have observed the top of the α band at the point by dividing out the Fermi function from the high temperature (T = 150 K) data. As shown in figure 3(b), this procedure unmasks the spectrum within a few k B T above E F , showing a clear parabola with a band top situated at ∼20 meV above E F . This band top is much lower than the value of ∼120 meV predicted by LDA calculations.
The band structure near M has been controversial. While LDA predicts two electron-like FSs around M, earlier ARPES reports claimed to have observed a hole-like dispersion [14, 16] . Using high-resolution ARPES, we identify in figures 3(c) and (d) two electron-like bands (labeled as γ and δ bands) with band bottoms at ∼15 and 60 meV, respectively. The energy difference from the top of the α band to the bottom of the γ band is about 35 meV, much smaller than the ∼200 meV predicted by LDA [26] . In addition, we observe in figure 3(c) a third band dispersing toward E F when moving from to M, intersecting with the δ band in the vicinity of E F . As can be seen in figure 4(e), LDA predicts the anti-crossing (or a Dirac point) of the two bands near M. However, it occurs at a much higher binding energy (∼120 meV). This uplift of the Dirac point also creates a 'bright' spot with high intensity at E F observed in previous ARPES measurements [10, 14, 16] .
The measured FSs and band structure are summarized in figure 4 . By measuring many cuts in the Brillouin zone (BZ), we have obtained the FSs of Ba 0.6 K 0.4 Fe 2 As 2 . Figure 4 displays the ARPES intensity integrated within E F ± 10 meV, where the high intensity contours map out the FSs. The dots mark the k F points of the dispersive bands obtained from both momentum distribution curves (MDCs) and EDCs. These k F points, coinciding with the high intensity contours, clearly show four FS sheets. The hole-like α and β FSs centered at enclose areas of 4% and 18% of the Brillouin zone (BZ), while the electron-like γ and δ FSs centered at M have areas of 2% and 4%, respectively. According to Luttinger's theorem on two-dimensional (2D) FS sheets and taking into account the existence of a third hole-like FS almost degenerate with the α FS [19, 30] , the observed FS sheets correspond to 20% hole/Fe. This value is consistent with the nominal K concentration of 40% per (Ba, K)Fe 2 As 2 formula unit, which is equivalent to 20% hole/Fe. Figure 4(b) shows a comparison of the measured dispersion along -M and -X with the LDA bands normalized by a factor of 2. While there is a fairly good agreement on the Fermi crossing points (k F ), the Fermi velocity (v F ) is further renormalized. The values of v F from ARPES and LDA are listed in figure 4(c). Most low energy bands have a mass renormalization greater than 4, significantly larger than the overall band narrowing. This additional renormalization of low energy excitations, which has also been observed in both cuprates [31] and cobaltates [29] , points to an enhanced self-energy effect near E F . Possible causes include band or energy dependent correlation effects, low energy modes or fluctuations, and band hybridization. Independent of its microscopic origin, the small Fermi velocity has an important consequence on the superconducting coherence length, which can be estimated from the BCS relation ξ =h v F π . From the values of v F and the measured superconducting gaps [10] , we estimate that the coherence length is about 9-14Å, which agrees well with the value (∼12Å) obtained from the c-axis upper critical field [32] . It is remarkable that the superconducting coherence length in this pnictide is much smaller than conventional BCS superconductors and surprisingly close to that of the cuprate superconductors [33] .
A set of basic band parameters of this material constitutes an important starting point for microscopic and phenomenological theories of its unusual superconductivity and other instabilities. After determining the band structure and the FSs, we can extract the dispersion parameters. Here we adapt a simple tight-binding-like band structure proposed previously [34] : the observed ones. Note that the fitted FSs for the (γ , δ) bands in the vicinity of M are two ellipses without hybridization. The latter splits the two bands and gives rise to the observed outer (δ) and inner (γ ) FSs. As seen clearly in figure 4(d) , the α FS, when shifted by the (π, π) wavevector defined in the reconstructed BZ, overlaps well with the δ and γ FSs, revealing good FS quasi-nesting by the AF wavevector observed in the parent compound [2] . Combined with the observation of nearly identical superconducting gaps on the α, δ, and γ FSs [10, 18] and of a band-selective electron-mode coupling [35] in the same material, this result reinforces the notion that interband scattering among the nested FSs plays a dominant role in the pairing interaction [36] [37] [38] [39] [40] [41] .
The effective band parameters enable an estimate of the effective masses of the low energy bands, whose average values along the FSs are: m * α = 4.8, m * β = 9.0, m * γ = 1.3, m * δ = 1.3, in units of the free electron mass. The Sommerfeld parameter for the electronic specific heat is given by γ = π N A k 2 B a 2 m * /3h 2 , where a = 3.92Å is the lattice parameter and N A is Avogadro's constant. The parameters derived from our model lead to 7.2, 13.6, 2, and 2 mJ K −2 mol −1 for the α, β, γ , δ bands, respectively. Using these approximated values, the total value of the γ coefficient, assuming a doubly degenerate α band, is estimated to ∼32 mJ K −2 mol −1 . Both this approximation and the value of ∼63 mJ K −2 mol −1 [42] estimated by specific heat for the normal state γ coefficient in superconducting Ba 0.6 K 0.4 Fe 2 As 2 are much larger than the value (∼9 mJ K −2 mol −1 ) calculated using LDA [26] , most likely due to the unusually strong mass renormalization. The measured γ coefficient in the parent compound SrFe 2 As 2 is 6.5 mJ K −2 mol −1 [21] . The significant reduction is likely due to the gapping of large portions of FS sheets [3, 43, 44] .
Conclusion
In conclusion, we have determined the band structure and the FS of the optimally doped Fe-based superconductor Ba 0.6 K 0.4 Fe 2 As 2 . Hole-like FSs around and electron-like FSs around M are clearly observed. The two electron-like FSs around M are consistent with the unexpected hybridization of the two overlapping orthogonal elliptic FSs, which are nearly nested with the inner hole-like (α) FS via the (π, π) AF wavevector. The overall bandwidth is renormalized by a factor of 2, while the low energy dispersions acquire an even stronger renormalization effect that implies a much enhanced specific heat coefficient γ ∼ 32 mJ K −2 mol −1 calculated using the tight-binding band parameters obtained from fitting the observed electronic structure.
